Biosolids are valued as sources of plant nutrients, soil organic matter, and, in the case of alkaline-stabilized materials, liming agents (U.S. EPA, 2007; Zhang et al., 2009 ). The addition of organic materials enhances the biological, physical, and chemical properties of the soil with yield improvements usually being associated with increased nutrient availability (Akrivos et al., 2000; Boquet et al., 1999; Bugbee, 2002; Gilmour et al., 2003; Tester, 1989) and, sometimes, to improved soil physical properties (Klock-Moore, 2000) . Recent evidence indicates that biosolids may contain BAS that enable crops to withstand environmental stresses (e.g., drought, salinity, pathogens) and/or positively affect crop growth and quality (Subler et al., 1998; Zhang et al., 2005 Zhang et al., , 2007 Zhang et al., , 2009 .
Several groups of BAS (e.g., humic substances, amino acids, vitamins, hormones) have been identified and isolated from biosolids (Lemmer and Nitschke, 1994; SanchezMonedero et al., 1999; Zhang et al., 2005) . The presence of BAS in biosolids may enhance crop production by providing plant growth regulators directly or by stimulating the activity of microbes that supply substrates and hormones. Auxin, an important phytohormone, has been shown to improve root growth and stress tolerance in turfgrasses (Zhang et al., 2009) . It was found that biosolids contained auxin [indole-3-acetic acid (IAA)] at physiologically active levels (Zhang et al., 2009) . Microbial production of IAA from tryptophan has been shown in a number of cases (Arshad and Frankenberger, 1993; Barea et al., 1976; Lebuhn et al., 2007) . In addition, Zhang et al. (2005) measured IAA contents of the humic acid fraction of variously processed biosolids to range from 0.5 to 2.4 mg · g -1 . Plant hormones, particularly IAA in the biosolids, may account for some of the beneficial effects previously reported on plant growth and physiological fitness.
Environmental stresses such as drought may cause damage to plant cells through production of excess reactive oxygen species (ROS) such as singlet oxygen ( ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH · ) (Zhang and Ervin, 2004) . During drought stress, an abscisic acid signal causes stomatal closure and light-exposed, over-reduced photosynthetic systems may experience oxidative stress and overproduction of ROS. Excess ROS may cause severe damage to important cellular components such as proteins, lipids, and nucleic acids, leading to cell death. Plants have evolved a complex antioxidant defense system (i.e., enzymatic and non-enzymatic detoxification systems) for protecting cells from ROS injury.
SODs are metalloenzymes that convert O 2 -. to H 2 O 2 and are considered the ''primary defense'' against ROS (Perl-Treves and Perl, 2002; Schmidt, 1999, 2000) . In this system, H 2 O 2 is further reduced to water by CAT and APX. Catalase, localized in peroxisomes, scavenges H 2 O 2 produced by glycolate oxidase in the C 2 photorespiratory cycle (Perl-Treves and Perl, 2002) . POD is also an important antioxidant enzyme for scavenging ROS. There is a complex signaling network governing antioxidant defense with plant hormones playing an important role in signaling plant defense responses (Strivastava, 2002) .
Tall fescue, a cool-season turfgrass, is widely used for home lawns, recreational surfaces, and roadsides in the temperate to semitropical United States and experiences frequent summer drought stress. Little previous research has been reported on the impact of biosolids on antioxidant metabolism associated with drought tolerance in tall fescue. The objectives of this study were to investigate effects of biosolid applications on drought tolerance associated with antioxidant metabolism and root growth under differential soil moisture availability.
Materials and Methods

Biosolids characterization
One anaerobically digested biosolids (Alexandria) and one lime-stabilized biosolids (Blue Plains) were used in this study. 
Biosolids auxin analysis
Each biosolids sample (100 mg) was extracted in 2.0 mL Na-phosphate buffer (0.05 M, pH 7.0) containing 0.02% sodium diethyldithiocarbamate as an antioxidant overnight and centrifuged at 10,000 g n for 10 min. The supernatant was collected. An internal standard of 13 C 6 -IAA (50 ng) was added into each and extracted by continuous shaking for 1 h at 4°C. The samples were transferred into 2.0-mL microcentrifuge tubes after extraction and pH was adjusted to 2.6 with 1.0 M HCl. The sample was slurried with 150 mg of Amberlite XAD-7 (Sigma-Aldrich, St. Louis, MO) for 30 min. After removal of the buffer, the XAD-7 was washed with 2 3 1 mL of 1% acetic acid before being slurried with 2 3 1 mL of dichloromethane for 30 min each time (Edlund et al., 1995) . The combined dichloromethane fractions were reduced to dryness with N gas.
IAA was assayed using a linear ion trap quadrupole liquid chromatography-tandem mass spectroscopy (3200 Q Trap model; Applied Biosystems, Foster City, CA). An Agilent Zorbax SB-C18 column (4.6 3 7.5 mm, i.d.: 3.5 mm particle size) was used and eluted with a mixture of methanol:water containing 0.05% acetic acid (gradient from 95:5 to 10:90 to 95:5 in 10 min) at a flow rate of 1 mL · min -1 and a temperature of 30°C. The sample was injected at a volume of 25 mL on an autosampler (Agilent 1200 highperformance autosampler SL). The liquid chromatography ultraviolet detector was set at 280 nm. Retention time for IAA was 5.7 min. Generally, signal-to-noise (S/N) ratio of 3 is considered as the limit of detection and S/N of 10 as limit of quantification. When the injection volume at 50 mL, S/N ratio was 4.8 when IAA concentration was 1 ng · mL -1 and S/N ratio was 11.4 when the IAA concentration was 5 ng · mL -1 . Therefore, the limit of detection for IAA in the biosolids samples was 1 ng · mL -1 . The IAA concentration was calculated based on the internal standard and expressed as mg · g -1 biosolids. The Alexandria biosolids contained a greater amount of TKN, NH 4 + -N, and organic N but a lower amount of IAA than Blue Plains biosolids (Table 1) . Because of the differences in total N concentrations and N forms between the two biosolids, the actual amount of biosolids applied to each tube was calculated based on the N content and estimated plant-available N in the biosolids Per Virginia Regulatory Agency Standard (<http://www.dcr.virginia.gov/documents/ StandardsandCreteria.pdf >); we assumed that 50% of NH 4 + -N was available and that the mineralization rate of organic N was 30%. Based on these estimates, Alexandria was applied at 15.8 g per tube and the Blue Plains at 26.4 g per tube.
Tall fescue culture, biosolids application, and moisture stress treatment
This experiment was carried out in an environmental-controlled greenhouse at Virginia Tech, Blacksburg, VA. Plastic-lined polyvinyl chloride tubes (10 cm diameter 3 36 cm deep) were filled with gravel on the bottom (6 cm) and 30 cm calcined clay (Profile Products, Chicago, IL). A cloth (10 cm diameter) was placed between the gravel and the clay to prevent migration of the calcined clay into the gravel.
On 7 Oct. 2010, Alexandria and Blue Plains biosolids were applied at 17.8 and 26.4 g per tube, respectively. Each tube received 1.5 kg calcined clay. The biosolids were mixed with 100 mL water and applied to the top 5 cm of the tubes. For the N control, ammonium nitrate was applied at 5.6 g N/m 2 on 7 Oct., 19 Oct., and 5 Nov. After initial treatment, all tubes received half-strength Hoagland's solution (Hoagland and Arnon, 1950) . On 8 Oct., tall fescue 'Rebel IV' seeds were planted at 29.3 g · m -2 . After irrigation by hand for 3 d, the tubes were placed under a mist system. A small hole at the bottom of each tube was made to allow proper drainage. On 19 Oct., the seedlings were 2.5 cm tall. On 5 Nov., the grass was trimmed at a height of 2.5 cm.
Tall fescue was grown under two soil moisture regimes: well-watered and moderate moisture stress. The ''well-watered'' tubes were maintained at 90% of container capacity throughout the course of the experiment by adding water on a gravimetric basis when tubes fell below 70% container capacity. All tubes were watered at same time because they reached 70% container capacity at the same time. At 90% container capacity, the moisture content of the calcined clay was 49.4%. On 29 Nov., the tubes were irrigated to container capacity and allowed to drain for 24 h and weight of the tube at 100% container capacity was determined. For the moderate moisture stress treatment, irrigation was withheld (beginning 29 Nov.) with soil moisture in all treatments falling to near the wilting point (25% of container capacity) at the same time (27 Dec.); at this point, the grass was irrigated to 100% container capacity to allow recovery evaluations. The experiment was completed on 5 Jan. 2011. Leaf samples were collected on 30 Nov., 7 Dec., 14 Dec., 21 Dec., 28 Dec. 2010, and 5 Jan. 2011. The samples were frozen with liquid N and stored at -80°C for analysis of antioxidant enzyme activity.
Turfgrass quality, leaf firing, and root growth Turfgrass quality was rated on a visual scale of 1 to 9 with 9 indicating the best quality (very dark green, dense, uniform, turgid shoots) and 1 indicating completely dead or brown shoots (Waddington et al., 1992) . A rating of 6 represented minimum acceptability. Leaf firing was rated based on a visual scale of 0% to 100% with 100% indicating complete firing (or loss of turgidity) of the canopy. Root mass per pot was determined at the end of the experiment. The whole plants along with the soil were removed from the pots, and the roots were divided into two sections (0-15 cm and 15-30 cm deep). The roots were washed and dried at 65°C for 48 h and weighed.
Photochemical efficiency
PE was determined by measuring chlorophyll fluorescence with a dual-wavelength fluorometer (OS-50II; Opti-Sciences, Inc., Tyngsboro, MA). The ratio of variable fluorescence to maximum fluorescence at 690 nm (Fv690nm/Fm690nm or Fv/Fm) is an indicator of PE of photosystem II. Chlorophyll fluorescence was measured on a canopy rather than a single-leaf basis (Zhang et al., 2005) . The values of Fv/Fm were calculated based on an average of three measurements per tube.
Leaf antioxidant enzyme activity
Frozen leaf tissues (0.25 g) were ground to a powder with a mortar and a pestle in liquid N and then the powder was homogenized with 4 mL cold extraction buffer [50 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7, 0.2 mM ethylenediamine-tetraacetic acid (EDTA), and 1% polyvinylpyrrolidone]. The extracts were centrifuged at 12,000 g n for 20 min at 4°C. The supernatant was collected and used for the assay of antioxidant enzymes activity (Zhang and Kirkham, 1996) .
The activity of SOD was measured according to the method of Giannopolitis and Ries (1977) with modifications (Zhang and Kirkham, 1996) . A 3-mL reaction mixture was composed of 50 mM phosphate buffer (pH 7.8), 1.3 mM riboflavin, 13 mM methionine, 0.1 mM EDTA, 63 mM nitro blue tetrazolium (NBT), and 0.1 mL enzyme extract. The test tubes containing the mixture were placed under light at 3000 lx for 10 min, and absorbance at 560 nm was recorded. No purple color should appear in tubes without enzyme and NBT (CK 0). Tubes containing NBT but without enzyme should turn dark purple as the control (CK Max). One unit of SOD activity was defined as the amount of enzyme inhibiting 50% photochemical reduction of NBT.
CAT activity was determined through the decomposition of hydrogen peroxide (H 2 O 2 ), which was measured by a decrease in absorbance at 240 nm (e = 39.4 M -1 · cm -1 ) for 1 min (Chance and Maehly, 1955) . The reaction mixture consisted of 50 mM phosphate buffer (pH 7.0), 15 mM H 2 O 2 , and 0.1 mL enzyme extract. Ascorbate peroxidase activity. APX activity was assayed by following the decline in absorbance at 290 nm as a result of ascorbate acid oxidation (e = 2.8 mM
) for 1 min. The reaction mixture contained 0.5 mM ascorbate acid, 0.1 mM H 2 O 2 , 0.1 mM EDTA, 50 mM Na-phosphate buffer (pH 7.0), and 0.1 mL enzyme extract. The reaction was initiated with addition of H 2 O 2 .
Peroxidase activity. The POD activity was measured as an increase in absorbance at 470 nm (e = 26.6 mM -1 · cm -1 ) for 1 min after the oxidation of guaiacol (Rao et al., 1996) . The reaction mixture contained 50 mL 20 mM guaiacol, 2.83 mL 10 mM phosphate buffer (pH 7.0), 20 mL 40 mM H 2 O 2 , and 0.1 mL enzyme extract. The reaction was started with addition of the H 2 O 2 .
Leaf malondialdehyde content
The level of lipid peroxidation in the leaf tissue was measured in terms of malondialdehyde (MDA) content. The MDA content was determined by the 2-thiobarbituric acid (TBA) reaction according to Heath and Packer (1968) . Fresh leaf tissue (100 mg) was ground into a powder with liquid N in a mortar with a pestle and homogenized in 2.5 mL 10% trichloroacid (TCA). The homogenate was heated at 95°C for 30 min and the mixture was quickly cooled down in an ice bath. The homogenate was centrifuged at 10,000 g n for 10 min. One milliliter of supernatant was added to a tube containing 4 mL 20% TCA and 0.5% TBA. The mixture was heated at 95°C for 30 min and the mixture was quickly cooled down in an ice bath. The supernatant was read for absorbance at 532 and 600 nm. The absorbance for nonspecific absorption at 600 nm was subtracted from the value at 532 nm. The content of MDA was calculated using the adjusted absorbance and the extinction coefficient of 155 mM -1 · cm -1 .
Experimental design and statistical analysis A split plot with soil moisture as the main plot and biosolids treatments as subplots were used with four completely randomized replications. The data were subjected to an analysis of variance (ANOVA). In addition, one-way ANOVA was used for analysis of biosolids effect at each soil moisture level. Mean separations were performed using a protected Fisher's least significant difference at a 5% probability level (SAS Institute Inc., 2004) .
Results
Turf quality, leaf firing, and root growth. Turfgrass quality declined when the grass was subjected to moisture stress and recovered to above an acceptable level (i.e., greater than 6) after rewatering (Table 2 ). Turfgrass quality gradually declined beginning at 7 d after irrigation cessation. Drought stress reduced turfgrass quality by 30% at the end of the dry-down cycle (28 d).
Under well-watered conditions, Alexandria treatment improved turfgrass quality as measured at 14, 21, 28, and 35 d ( The biosolids treatments reduced leaf firing as measured at 21 and 28 d of drought stress (Fig. 1) . Alexandria and Blue Plains reduced leaf firing by 7% and 6%, respectively, relative to the N control at 28 d.
Drought stress induced an increase in root biomass relative to well-watered conditions (Table 3) . Blue Plains treatment increased root biomass at 15-to 30-cm deep soil relative to the control under either well-watered or drought-stressed conditions. Alexandria increased root biomass in the 0-to 15-cm fraction and total root biomass relative to the control.
Photochemical efficiency. Photochemical efficiency declined as the grass was subjected to moisture stress ( Leaf superoxide dismutase activity. Drought stress induced an increase in SOD activity as observed at 21 and 28 d (Table 4) . Both biosolids treatments increased SOD activity, when compared with the control, at 14 and 21d under well-watered conditions (Table  4) . Under drought stress conditions, both biosolids increased SOD activity relative to the control at 14, 21, and 28 d. Alexandria and Blue Plains increased SOD activity by 28% and 41%, respectively, relative to the control at 28 d (Table 4) . Leaf catalase activity. Drought stress reduced CAT activity as measured at 14, 21, and 28 d (Table 4) . Drought stress reduced CAT activity by 32% at 28 d. The biosolids treatments did not consistently impact CAT activity under well-watered conditions. Alexandria increased CAT activity relative to the control at 28 d. Both biosolids increased CAT activity at 35 d, 7 d after rewatering.
Leaf ascorbate peroxidase activity. Drought stress increased APX activity relative to the control as measured at 21 and 28 d (Table 5) . A higher APX activity was also observed in drought-stressed tall fescue after rewatering (35 d). The two biosolids treatments increased APX activity under well-watered conditions at 21, 28, and 35 d. Alexandria and Blue Plains increased APX activity by 44% and 33%, respectively, relative to the control at 28 d. Under drought stress, the biosolids treatments increased APX activity when compared with the control at 21 and 28 d. Alexandria and Blue Plains increased APX activity by 49% and 23%, respectively, when compared with the control at 28 d. After watering (35 d), a higher APX activity was observed in Blue Plains treatment relative to the control.
Leaf peroxidase activity. Drought stress caused an increase in POD activity as measured from Day 7 through Day 35 (Table 5) . At end of drought stress (28 d), tall fescue had 3.6-fold higher POD activity relative to the well-watered conditions. The two biosolids treatments increased POD activity under wellwatered conditions at 21, 28, and 35 d, except for Blue Plains treatment at 28 d. Under drought stress, the Alexandria treatment increased POD activity at 21 d, whereas Blue Plains increased POD activity at 28 d and 35 d.
Leaf malondialdehyde content. Leaf MDA content increased gradually in response to drought stress and declined after rewatering (Fig. 2) . Leaf MDA content remained unchanged under well-watered conditions (data not shown). The biosolids treatments consistently reduced MDA content at Day 14 through Day 35. At the end of drought stress (28 d), the MDA contents in Alexandria and Blue Plainstreated tall fescue were 75% and 78%, respectively, of the control.
Discussion
The results of this study indicate that biosolids application improved turfgrass quality and photochemical efficiency under drought stress. This is consistent with previously reported results (Garling and Boehm, 2001; Waddington et al., 1978; Zhang et al., 2005 Zhang et al., , 2009 . Beneficial effects of the biosolids appear to result from factors other than mineral nutrition because all treatments in this study received an equivalent estimated amount of N and other macro-and micronutrients from chemical fertilizer or biosolids plus fertilizer. It has been reported that biosolids-fertilized crops have greater yields than crops fertilized with synthetic fertilizer where both were applied at rates estimated to provide adequate amounts of primary nutrients (Akrivos et al., 2000; Bugbee, 2002) . Various BAS such as auxin and humic acids have been identified and isolated from biosolids previously (Lemmer and Nitschke, 1994; Sanchez-Monedero et al., 1999; Zhang et al., 2005) and in this study. Auxin and humic acids have been shown to increase root initiation and growth (O'Donnell, 1973; Zhang, et al., 2005 Zhang, et al., , 2007 . Auxin and humic acids in the biosolids could increase root growth and improve plant tolerance to drought stress (Zhang et al., 2005; 2009) . Grasses with greater root systems resulting from biosolids application may have better leaf water status, reducing leaf wilting during drought stress. In this study, Blue Plains, which contained a higher level of auxin (17.2 mg · g -1 ) relative to Alexandria, significantly increased biomass of roots distributed between 15 and 30 cm deep in the soil under well-watered and drought stress conditions. It is possible that biosolids promoted root growth and turfgrass quality by providing auxin and/or stimulating microbial production of auxin and other growth hormones. Because auxin is closely associated with root initiation and growth, application of auxin-containing biosolids may have greater beneficial effects on relatively young turfgrass with an actively growing root system as in this study than mature turfgrass with a lowly growing root system.
The results of this study also indicate that the biosolids enhanced leaf antioxidant enzyme activity, especially SOD and APX, under drought stress. These responses have been reported previously (Lakhdar et al., 2010; Zhang et al., 2005 Zhang et al., , 2009 ). Lakhdar et al. (2010) noted that municipal solid waste (MSW) compost and sewage sludge significantly increased activities of antioxidant enzymes including SOD, CAT, APX, and glutathione reductase in wheat. Drought stress causes excess accumulation of toxic ROS in cells. The ROS may cause damage to cell components, particularly those associated with the photosynthetic apparatus (Smirnoff, 1995) . Plants possess various antioxidant metabolites and enzymes that can scavenge toxic ROS and protect cells under stress. The results of this study indicate that the grass amended with biosolids had greater antioxidant enzyme (SOD, APX, CAT, and POD) activities under drought stress. This suggests that biosolids treatment may promote antioxidant defenses against drought stress possibly through hormonal signaling. Zhang et al.
(2009) noted that tall fescue amended with biosolids contained higher levels of growth hormones (auxin and cytokinin) and also SOD activity under drought stress. The mechanics of how greater auxin and cytokinins positively impact the leaf antioxidant enzyme system are not known. It is possible that the growth hormones serve as signals to initiate metabolic defenses including upregulation of antioxidant enzyme activities under drought stress.
In summary, the two biosolids (Alexandria and Blue Plains) improved turfgrass quality, PE, and antioxidant enzyme activities under drought stress. Beneficial effects of these biosolids did not appear to be nutritional in origin because all treatments received identical nutrient inputs. It is our view that the biosolids may enhance plant antioxidant defense systems through providing certain BAS such as auxin to the soil or by providing organic substrates for soil microbial production of growth hormones. Application of biosolids appears to be a practical and cost-effective organic approach for improving turfgrass performance when faced with periodic abiotic stresses such as drought.
